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Abstract. Primary tumors in certain metastatic cases have
potential dissemination mechanisms. However, they often
lack the potential to colonize distant microenvironments, and
consequently the disseminated cancer cells enter into a state
of latency which can last for years. In order to investigate the
metastatic colonization potential at the gene expression level,
we compared such primary tumors with their matching,
actively proliferating metastatic tumors. Six pairs of colon-
to-lung metachronous tumor samples were examined for the
expression levels of 84 well-known metastatic genes using
the quantitative RT-PCR-based PCR Array technology. The
unsupervised hierarchical clustering of all 12 samples together,
resulted in the formation of one closely related cluster by the
primary tumors, but highly diversified ones by the metastatic
tumors. A pair-wise comparison of the matching primary-
metastatic tumors showed that different groups of genes were
activated in the lung metastases. Therefore we charted specific
genes involved in the genetic diversification processes. A
number of these genes showed similar differential expression
(ACt) patterns in all the patients. These were the cancer cell-,
the microenvironment- and the stem cell-specific gene groups.
In conclusion, the results suggest that the primary colorectal
cancer cells are diversified as regards colonization of the
lung, which could explain why the effective therapies for
primary colorectal cancers are often not appropriate for
controling the growth of pulmonary metastases.

Introduction
Metastasis can be viewed as two consecutive cellular

processes: Dissemination of the cancer cells from the primary
tumor to distant sites, and colonization of the disseminated
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cancer cells of microscopic size into full-blown metastatic
malignancies (1,2). When disseminated to a distant
microenvironment, most cancer cells can no longer grow in
the alien microenvironment, and thus enter into a state of
latency which can last for months or years until they discover
new growth mechanisms (3-5). Understanding how the
micrometastases come out of their latent state to colonize the
distant organ is of prime interest, as it could lead us to a
therapeutic means of controling the process. However, such
studies are generally not practically feasible, as metas-
tasectomies are rarely performed, and even in those rare
cases, the invasiveness of the matching primary tumors often
decreases during the latent years.

However, recent trends of aggressive metastasectomy,
particularly of lung metastases of colorectal origin (6,7),
could shed a light on this problem. Surgical resection of
metastatic tumors is usually performed when, i) recurrence is
not detected in the primary site, ii) complete surgical removal
of the metastases is feasible, iii) there is no evidence of
metastasis in other organs other than the lung, and iv) the
patient can tolerate the surgery (6). The tumors removed
thereby, are chronologically separated during the latent
periods, and genetic differences (5,8) reflect the changes in
their ability to colonize the lung.

Each pair of primary colon cancers with lung metastases
from the same patients, are good study models as they have
identical germ-line genetics and common cancer lineages
(5-10), with limited genetic changes associated with the
colonization. In this study, we investigated the changes in
gene expression of known metastatic-related genes (11)
[SABiosciences human tumor metastasis (PAHS-028) finder
RT? profiler PCR array and the RT2 SYBR-Green/ROX PCR
Master Mix (APMMO12C and PA-012-24, SABiosciences)]
in colon-to-lung metachronous tumors samples, and charted
them according to regulatory pathways. Consistent with the
diverse cell-cell interactions in the lung implicated in the
colonization mechanisms (12-14), our results demonstrate
diversification during colon-to-lung metastasis.

Materials and methods

Patient and sample selection. Six pairs of primary colon
tumor tissues and their matching lung metastases (Table I)
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Table I. Summary of the clinical information.
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Primary tumors

Metastatic tumors

Caseno.  Gender Age (years) Size (cm) apStage Primary site Metastatic site "Latent interval (Mo)
1 F 36 4.8 mic Lower rectum Lung-left 18
2 F 49 4.4 IITA Lower rectum Lung-bilateral 24
3 F 57 52 1B Upper rectum Lung-left 22
4 M 65 35 I Lower rectum Lung-bilateral 34
5 M 70 35 ITA Upper rectum Lung-bilateral 36
6 F 53 52 mc S-colon Lung-left 24

apStage, at the time of the primary surgery. PLatent interval refers to the period between the colorectomy and metastasectomy.

were collected after surgical resections which were carried
out in Samsung Medical Center between 2001 and 2008. We
followed the protocols approved by the institutional review
board with prior consent given from all patients. Necrotic
regions were avoided and the tumor masses were snap-frozen
and maintained in liquid nitrogen before RNA extraction.
Prior to the RNA preparations, the medical records and
hematoxylin/eosin-stained slides of the specimens were
reviewed to remove the necrotic tissues and the intervening
normal tissues, thus abiding by the World Health Organization
histopathological criteria. Specimens with tumor cell contents
of >90% were selected and processed for further analysis.

Gene expression profiling by RT? Profiler™ PCR Array.
Total RNAs were extracted from the frozen lung metastatic
tumors and their respective controls, as well as from the
colon primary tumors, using the NucleoSpin RNA kit, and
cDNA was synthesized using the RT? First Strand Kit
(SABiosciences, cat. no. C-03). The human tumor metastasis
(PAHS-028) finder RT2 profiler PCR array and the RT2
SYBR-Green/ROX PCR Master Mix (APMMO12C and PA-
012-24, SABiosciences) were used to quantitatively analyze
the gene expression levels of 84 known metastatic genes and
5 house-keeping genes, following the instructions of the
manufacturer. The array analysis was carried out according
to the manufacturer's instructions. The negative controls
included by the manufacturer in 96-well format, generated
data that ensured the lack of contamination. PCR was
performed using the ABI 7300 Real-Time PCR System
(Applied Biosystems). In order to confirm the plate to plate
consistency, duplicate and triplicate reactions were carried out.

Data analyses. Ct values were normalized to the deviations
against the average of 5 housekeeping genes: B2M, RPRTI,
HPRTI, GAPDH and ACTB. The differential gene expression
was estimated as, ACt = Ctyng metastases) and fold
change = 24V, Quantitative analysis of the array data on the
primary colon and the metastatic lung tumors was carried out
by the Web-Based PCR Array Data Analysis software
provided by the manufacturer (http://www .sabiosciences.com).
In order to examine the relative expression levels among the
6 cases, ~Cliung metastases) AN ~Clicoron primary) Values were used as

- Ct(colon primary)»

absolute expression levels. Fold changes of >2-fold were
considered to be significant.

Results

Analyses of gene expression (Ct). In order to examine the
changes in gene expression profiles which occurred between
the primary and metastatic tumors, quantitative RT-PCR was
carried out for 84 genes using the human tumor metastasis
finder RT? profiler PCR array. Consistent with previous
studies using RT-PCR, Ct values were highly reproducible in
assayable genes with a relatively wide range of expression
levels among the samples (9): The correlation between the
duplicates was >0.95 in the highly assayable genes, and the
average correlation was 0.92. When the gene expression was
relatively constant at low levels, the small fluctuation was
frequently not reproduced, and the correlation decreased as
low as 0.82. For an overview of the gene expression patterns
across the samples, unsupervised two-dimensional hierarchical
clustering was carried out (Fig. 1) with Ct values. Most of the
genes showed unique expression patterns, although 26 out of
the 84 genes clustered into 2 closely related groups with
similar expression patterns (marked by a blue square: A large
cluster of 21 genes (including ITGB3, ITGA7, TGF-f1,
TNFSFI10, APC, MCAM, IGF1, COL4A2, HGF, CST7,
CDH6, MMP2, TIMP2, CD44, CDS82, PTEN, GNRH1,
MTSSI and SMAD?2), and a small cluster of 3 genes (VEGFa,
ILSRB and SRC). The similarity in their gene expression
patterns was estimated by correlation: CDH6-CST7 (0.94),
SMAD2-CXCLI2 (0.94), CXCLI12-CST7 (0.92), PTEN-
MTSSI (0.92), and 11 pairs showed a correlation of >0.82 in
the large cluster, and 0.81-0.88 in the small cluster. These
similarities are comparable to those of single gene duplicates.
These data raise the possibility that the expression patterns of
these genes could be regulated by a common upstream regu-
latory mechanism.

Gene expression (Ct) patterns in the primary vs. metastatic
tumors. As shown in the clustergram in Fig. 1B, all 6 primary
tumors (4-P, 1-P, 6-P, 2-P, 3-P and 5-P) clustered into 1
closely related group, with short phylogenetic distances, as
marked by the short length of the vertical lines of the tree.
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Particularly, the primary tumor of case no. 3 was highly
related to case no. 5 (3-P and 5-P) and to a lesser extent to
case no. 2. The primary tumor of case no. 1 was also highly
related to the primary tumor of case no. 6 (1-P and 6-P) and
again to a lesser extent to case no. 2. These relationships
among the cases were also conserved among the metastatic
tumors. Case nos. 2, 3 and 5 and 6, 1 and 4, were closely
related to one another. The results indicate that similar
molecular pathways were activated in the primary tumors
compared to the metastatic tumors. On the contrary, the
metastatic tumors formed relatively remote groups with only
1, 2, or 3 samples per group: The metastatic tumor of case
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Figure 1. (A) Unsupervised two-dimensional hierarchical clustering. Red
square is the cluster of the tumors magnified in (B), and blue square is the
cluster of genes magnified in (C). (B) Cluster of the tumors. All the 6 primary
colon tumors were relatively similar to one another (bracket), but the
metastatic lung tumors were highly diverged from one another and from the
primary tumors. (C) Cluster of closely related genes.

no. 2 (2-M) was most remotely related to the other samples,
the metastatic tumors of case nos. 3 and 5 (3-M and 5-M)
were relatively related to the primary tumor group, and the
metastatic tumor of case no. 6 (6-M) was related to another
group formed by the metastatic tumors of case nos. 1 and 4.
Taken together, these data suggest that the 6 patients had
similar gene expression profiles in the primary tumors, which
became diversified in the metastatic tumors.

Differentially up-regulated genes. In order to investigate the
upstream gene regulation, differential gene expression (ACt)
was calculated for individual genes in each patient. In order
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Figure 2. Expression of top 6 up-regulated genes in the metastatic tumors. Positive y axis, up-regulation; negative y axis, down-regulation in the pulmonary
metastases. Each patient expressed different batteries of genes demonstrating genetic diversity among the metastatic tumors in the lung.

Table II. The genes up-regulated in the lung metastases.

No# Gene No. Gene

1 FN 22 MTAI

2 CCL7 23 SYK

3 MMP7 24 PNN

4 IGF1 25 GNRH1

5 VEGFa 26 PLAUR

6 SRC 27 CD44

7 CXCR4 28 KISSIR

8 CDH6 29 FGFR4

9 MTSS1 30 CDKN2A
10 CDHI1 31 NME4
11 TNFSF10 32 TGFf1
12 MYCLI 33 APC
13 PTEN 34 SMAD?2
14 ITGA7 35 SSTR2
15 FXYD5 36 CHD4
16 FLT4 37 CXCLI2
17 HGF 38 CST7
18 SMAD4 39 ILIS
19 RORB 40 MMP9
20 COILA4A2 41 MGATS
21 TIMP?2 42 MDM?2

2The list is in the decreasing order of fold change in expression
levels, with the most up-regulated gene (by fold change) in the lung
metastases at the top of the list.

to identify the mechanisms that are newly activated in the
metastatic tumors, the up-regulated genes in the metastatic
lung tumors were listed (Table II) in the order of the sum
total of ACt. As a visual sample of the gene activities in each
patient, the differential expression of the top 6 genes in the
list were plotted (Fig. 2). Each one of the patients showed a
unique combination of activated genes: FN/, MMP7 and
IGF1 in patient 1, only counting ACt >2 as significant up-
regulation, VEGFA and SRC in patient 2, only CCL7 in
patient 3, no significant up-regulation of the 6 genes in
patient 4, CCL7 in patient 5, and FNI, MMP7 and IGF1 in
patient 6. Not only were the gene combinations unique, but
also the expression levels of each gene ranged up to 7 ACt
(or >100 fold changes). These data demonstrate how the
diversification of the metastatic tumors was achieved at the
gene expression level.

Pathway analysis of the differentially expressed genes. As
similarities were observed in the gene expression (Ct)
patterns (shown in Fig. 1), the similarities of the ACt patterns
across the patients were examined by hierarchical clustering
(Fig. 3A). Consistent with the data in Fig. 1, the 6 tumors did
not form closely related clusters except for cases 1 and 3.
However, 21 genes formed 3 related groups: Group no. 1
included IGF, TIMP2, CXCR4, TGFf31, MMP9, PTEN and
MTSSI. Group no. 2 included CX3CLI12, CDHII, COL4A2,
CST7,CDH6, SMAD4, GNRH1, FLT4 and TNFSF10. Group
no. 3 included CHD4, CD44, MTAI, MGAT5, and PNN.
Among the 3 groups, group no. 1 showed the longest phylo-
genetic distance, as marked by the length of the horizontal
lines of the phylogenetic tree (or the least similarity in the
regulatory patterns), and group no. 3 the shortest, among the
group members. The differential expression patterns of these
3 groups were further analyzed by scatter plots (Fig. 3B-D).
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Figure 3. Gene clusters with similar differential gene expression patterns. (A) Hierarchical clustering of ACt showed that the majority of the up-regulated
genes formed 3 groups with closely-related patterns. (B) Scatter plots of the cancer cell-specific gene groups. (C) Scatter plots of the lung microenvironment-
specific gene groups. Patient no. 5 had expressions clustered around the zero ACt value, and consequently was differentially color coded as either up- or
down-regulated. Therefore, the color coding in patient no. 5 was ignored in gene grouping. (D) Scatter plots of the stem cell-specific gene groups. These data
suggest that the activity of a number of genes involved in metastasis could be regulated by a limited number of upstream regulatory mechanisms.

We discovered that patient no. 5 had gene expressions  Therefore, the color coding in patient no. 5 was ignored in
clustered around the zero ACt value, and was consequently  gene grouping. These data show that the majority of genes
differentially color coded as either up- or down-regulated. clustered into 3 groups with similar regulatory (ACt) patterns.
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Figure 4. Metastatic study models: Depending on the metastatic potentials of the surgical samples, study models can be divided into two types: Type 1, the
transverse model for the dissemination that compares the primary tumors that recur later, and those that do not recur, and type 2, the longitudinal model for
the colonization that compares the tumor samples from the same patients before and after colonization (identical genetic backgrounds). P, primary tumors; M,

metastatic tumors; R, recurrence; NR, non-recurrence.

Discussion

Study models for metastasis can be divided into 2 types
based on the genetic potentials of the specimens used (Fig. 4).
Type 1 studies have compared the non-metastatic to metas-
tatic primary tumors of different patients to discover genetic
markers for metastasis (15,16). However, more specifically,
they were designed to study dissemination, as the focused
clinical variable is the presence or absence of metastatic
spreads at the time of surgical resection. By the nature of the
study design, the samples of type 1 cannot be obtained from
the same patient, and therefore type 1 study models often
include many samples to overcome the person-to-person
genetic variation (15,16). On the contrary, type 2 studies
(longitudinal study models) have compared the 2 chrono-
logical samples separated by the colonization event under
the identical genetic background of the same patient.
Unfortunately, type 2 samples are hard to come by, as only a
small fraction of cases suffice the conditions for metas-
tasectomy, and relatively long follow-up periods are required,
which is inversely proportional with the RNA quality.
Nonetheless, more of these samples are expected to be
available in the future due to recent trends towards aggressive
metastasectomy (6,7), and therefore, the careful preservation
of these samples could be of prime importance for cancer
biologists to study metastatic colonization.

It is important to select primary tumors with well defined
latency (Table I), in order to rule out the possibility of primary
tumors already equipped with colonization potentials. Though
latency is defined as the period between the arrival of
disseminated cancer cells and the onset of log-phase growth,
it is technically challenging to measure it, mainly due to the
fact that it is unclear when dissemination occurs. Twelve
months of median survival time of the metastatic cases (17)
is the growth phase from the detection of metastatic tumors
to death, and therefore, the growth phase prior to the formation
of detectable size could occur within months, not years.
However, the dissemination can occur at anytime during the
decades of evolution in the primary site. If it occurs at
relatively late stages, early diagnosis can prevent metastasis
by surgical resection before the dissemination. Studies on
early diagnostic efforts have demonstrated 20% reduction in
metastatic mortality (18), which conversely suggests that the
remaining majority of metastatic cases cannot be prevented
by early diagnosis, or that dissemination occurrs even before
the early diagnostic tests. Therefore, the actual latency must

be significantly longer than the latent periods between the
colorectomy and metastasectomy.

In order to chart the genes associated with lung coloni-
zation in these patients, we examined how the expression of
known metastatic-related genes changes from the primary to
the metastatic tumors by quantitative RT-PCR. When the
data were analyzed by unsupervised hierarchical clustering,
despite the diverse stages of the primary tumors (stages I, II
and IIT) as determined at the time of the colorectomy, their
gene expression patterns turned out to be relatively similar to
one another (Fig. 1A). Despite the diverse genetic alterations
accumulated in the primary colorectal tumors (9), these data
suggest that the dissemination mechanism could be part of
the conserved patterns. On the contrary, the gene expression
patterns were found to be highly diversified after colonization
in the lung metastases, suggesting that diverse growth
mechanisms are feasible.

The genes up-regulated during colonization are charted in
Table II. These were grouped into 3 related clusters based on
the similarities in the ACt patterns (Fig. 3). When their
reported functions were surveyed, no pathway distinction
could be made between the groups, reflecting the cross-talks
between various functional pathways (19,20). The pathway
analyses were further confounded by cellular context, as a
number of genes were expressed in various cell types where
they carried out distinct genetic traits. For example, TGF-8 is
expressed in myeloid, mesenchymal and in cancer cells
themselves (21), and depending on the cellular context in
which it is activated, it can act either as a tumor suppressor,
or an oncogene (22,23). Therefore, the grouping of genes
could be meaningful if the cell types could be identified, and
if there are ‘seed’ or ‘soil’ factors involved (3).

The reported functions of the 3 groups of genes reflected
the interactions among various cell types: The colorectal
cancer cells, the lung microenvironment, and the cancer stem
cells (12-14). Specifically, group 1 was named as cancer cell
factors, as it contains genes such as CXCR4 (24), PTEN (25),
MTSS1 (26,27) and SSTR2 (28) that are known to be
expressed and function within the tumor cells. Groups 2 and 3,
were named as the lung ‘soil’ factors, as they contain genes
expressed at high levels in the lung microenvironments, such
as COL4A2, CXCLI2, CDHI1, CST7, FLT4 and TNFSF10
(29). Among them, CXCLI2 is a well-known ‘soil’ factor
expressed in high levels in the injured tissues to attract
specialized cells for wound healing, or in the metastatic sites,
to attract the disseminated cancer cells (30,31). CXCLI2
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ntracellular signaling for cell proliferation (32).
FLT4 is another ‘soil’ factor required by the stromal cells for
angiogenesis (33). These studies indicate that both of the
regulatory clusters, one for the lung soil factors and the other
one for the cancer cell factors, could be necessary for the
colonization of the lung by colorectal cancer cells. Group 4
was named as the stem cell factors (34-37), as it contains the
genes with known functions in stem cell activities: CD44 is
one of the best known stem cell markers (38), and MTAI is
known to form a transcriptional repression complex in which
it directly interacts with OCT4 and Nanog to maintain
stemness (39). CHD4 has been reported to function during
regeneration and wound healing (40). Targeted disruption of
MGATS caused depletion of adult stem cells (41,42). PNN is
the only member of the stem cell factor group that has not
been reported to function in stem cells. Though the ACts of
the stem cell factors are not prominently up-, or down-
regulated in the metastatic tumors, this could be due to the
scarcity of the stem cells in the high background expression.
Evidently, not all the genes in each group have been reported
to have postulated functions, which could be due to technical
problems or to a study design with a limited number of
samples. Validation studies with an expanded number of
samples are required in order to confirm the regulatory groups
and their constituents.

In this study, we used the primary-to-metastatic tumor
pairs of the same patients as a model to study metastatic
colonization. The genes that are differentially activated during
the colonization of the lung by colorectal cancer cells were
charted from 84 well-known metastatic genes, and the regu-
latory pathways were discussed. When the expression profiles
were compared, all the primary tumors formed one cluster
with similar gene expression, which became highly diversified
in the lung metastases. These data suggest that there could be
multiple colonization mechanisms. Further studies are required
in order to validate the clinical significance of the findings.
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